We perform a search for wide binaries in the Kepler field with the prospect of providing new constraints for gyrochronology. First, we construct our base catalog by compiling astrometry for the stars observed by Kepler, and supplement it with parallaxes, radial velocities (RVs), and metallicities. We then mine our base catalog for wide binary candidates by matching the stars' proper motions, as well as parallaxes, RVs, and metallicities, if available. We mitigate the presence of chance alignments among our candidates by performing a comprehensive data-based contamination analysis in the proper motion versus angular separation phase space. Our final sample contains 55 binary candidates. A crossmatch of our pairs with the Second Data Release (DR2) from Gaia validates our candidates and confirms the reliability of our search method, particularly for 2 mas. Due to the implicit Kepler selection function and image scale per pixel, our binary search is incomplete for angular separations of ∆θ 20 . We crossmatch our candidates with rotation period and asteroseismic ages catalogs, and find that our binary candidates do not follow a simple period-color relation, in agreement with previous studies. Two pairs have an age estimate for one component star and rotation period for its companion, positioning them as potentially new gyrochronology constraints at old ages. This is the first study that uses RVs and metallicities as criteria, rather than as a confirmation, in a binary search.
INTRODUCTION
Binary stars are common, and about half of all main sequence (MS) stars exist in binary systems (Fischer & Marcy 1992; Raghavan et al. 2010) . These systems show a wide distribution of orbital periods and semimajor axes (Duquennoy & Mayor 1991; Raghavan et al. 2010) . At the wide separation end, the orbital periods are extremely long (P orb ∼ 10 3 −10 6 yr or more), making the observation of the members of a wide binary orbiting each other a difficult task. Nevertheless, their gravitationally bound nature does provide us with clues on how to find them. For true, gravitationally bound wide binaries, the component stars are expected to have the same 3D-positions and 3D-velocities, down to the level of their orbital sizes and velocities. In terms of typical observables, this translates into pairs of stars with matching positions, proper motions, parallaxes, and radial velocities (RVs). Thus, wide binary studies have been based on either statistical (Bahcall e-mail:godoyrivera.1@osu.edu & Soneira 1981; Longhitano & Binggeli 2010) , or kinematic, common-proper-motion searches Lépine & Bongiorno 2007) . While some studies have also included photometric (Quinn & Smith 2009; Sesar, Ivezić & Jurić 2008) and trigonometric (Andrews, Chanamé & Agüeros 2017; Oelkers, Stassun & Dhital 2017; Oh et al. 2017; Shaya & Olling 2011) parallaxes in their searches, including RV-consistency as a search criterion remains unexplored.
An extra dimension could be added to the 6D-position and velocity phase space, as the components of binaries are expected to come from the same parental material (Kouwenhoven et al. 2010) . This translates to stars with similar chemical abundances, and observational evidence supporting this has been reported in the literature (Andrews, Chanamé & Agüeros 2018; Desidera et al. 2004 Desidera et al. , 2006 . Thus, the matching of chemical abundances arises as a potential constraint in searches for binary stars.
Another application that can be derived from the expected similarities in abundances, is to use wide binaries as calibrators for chemical tagging studies (Andrews, Chanamé & Agüeros 2018) . Chemical tagging suggests that, groups of stars that were born kinematically consistent but have since slowly dispersed in phase space, could be traced back and recognized as such by means of detailed chemical abundance matching (Freeman & Bland-Hawthorn 2002) . This idea has been tested on clusters (Blanco-Cuaresma et al. 2015; Hogg et al. 2016; Ness et al. 2018 ), but using binaries could allow the expansion of this technique to unexplored metallicity regimes.
This only adds to the large number of applications that wide binaries have in astrophysics (Chanamé 2007) . Some of these include to provide constraints on the properties of dark matter (Peñarrubia et al. 2016; Yoo, Chanamé & Gould 2004) , on the initial-to-final mass relation of white dwarfs (Catalán et al. 2008; Andrews et al. 2015) , and on Type Ia supernovae progenitors (Thompson 2011; Katz & Dong 2012) .
One further application of wide binaries, so far largely unexploited, is their potential contribution to gyrochronology (Barnes 2007; Chanamé & Ramírez 2012 ). As they age, cool MS stars lose angular momentum via magnetized winds (Kawaler 1988; Parker 1958; Schatzman 1962; Weber & Davis 1967) , and this is expressed as a spin down in their rotation periods (Skumanich 1972; Barnes & Kim 2010) . Barnes (2003) proposed the idea of using the stars' rotation rates (and masses) to obtain age estimates. This technique would be of particular use for isolated, field stars (Barnes 2007; Mamajek & Hillenbrand 2008) .
To calibrate the gyrochronology relations, however, independent estimates of the stars' ages and rotation periods are needed. The existing constraints come mainly from open clusters studies (Barnes 2003; Barnes et al. 2015; Meibom, Mathieu & Stassun 2009; Meibom et al. 2011) , and have been recently extended up to ∼ 4 Gyr (Barnes et al. 2016 ; but see also Epstein & Pinsonneault 2014 , van Saders et al. 2016 , van Saders, Pinsonneault & Barbieri 2018 .
The Kepler mission (Borucki et al. 2010) has played a fundamental role in the acquisition of these constraints (Angus et al. 2015; García et al. 2014) , granting observations that could have not been done from the ground. Given their exquisite photometric precision, the Kepler observations have allowed rotation periods to be determined for several tens of thousands of stars (e.g., McQuillan, Mazeh & Aigrain 2014), as well as asteroseismic studies to be carried out for several hundred targets (e.g., Chaplin et al. 2014) .
As first proposed by Chanamé & Ramírez (2012) , wide binaries can contribute to this growing literature of gyrochronology constraints, particularly in regimes of age and metallicity unexplored by clusters. This idea makes use of the coeval nature of the components of a binary. If, by some technique (e.g., asteroseismology), the age for one component star is obtained, the age for the entire system is simultaneously derived. When complemented with a rotation period measurement of an FGK-type component, wide binaries can provide age-rotation constraints difficult to obtain otherwise. Accordingly, a sample of Kepler wide binaries holds immense interest.
In this paper we search for wide binaries composed of stars observed by Kepler. In §2 we describe the data we use and characterize our base catalog. We construct different data subsamples and describe the proper motion parameters used in §3. In §4 we describe our search algorithm and explain the basis of our contamination analysis. Sections §5, 6, 7, 8 and 9 are dedicated to explain our candidate selection process. We compare our candidates with previous studies in §10, and examine them in the context of age-rotation relations in §12. We conclude in §13.
DATA

Catalog Compilation
To perform the desired search, we compile a list of stars in the Kepler field that were actually observed by the spacecraft, for which enough information was available (including astrometry and photometry). To accomplish this, we have collected data from a number of different catalogs, which we detail below.
Kepler Input Catalog (KIC)
Before Kepler began its observations, the Kepler team observed the original Kepler field and its surroundings, and constructed the Kepler Input Catalog (KIC; Brown et al. 2011) . This catalog contains ∼ 1.3 × 10 7 stars, and its purpose was to pre-select optimal targets following Kepler's original purpose (Borucki et al. 2010) . As detailed in Brown et al. (2011) , a photometric catalog in Sloan Digital Sky Survey (SDSS; York et al. 2000 )-like griz bands was constructed, and the most important stellar parameters were derived (including T eff and log g).
We used the KIC as the source of the stars' RA (α) and Dec (δ) coordinates. Additionally, part of our wide binary search used the KIC photometry in order to derive photometric distances (see §2.3.5). Huber et al. (2014) In order to only include the stars that were actually observed by Kepler, we chose the catalog of Huber et al. (2014) as the starting point. This catalog contains a list of 196,468 stars observed by Kepler during Quarters 1 to 16. After compiling input parameters for these stars from a variety of observing techniques (including asteroseismology, spectroscopy, photometry), Huber et al. (2014) homogeneously fitted them to a grid of isochrones and derived improved stellar parameters.
Catalog of
While this catalog meant an improvement in many regards, the input log g values for ∼ 70% of the stars were still based on the KIC values.
UCAC4
The importance of proper motions in our catalog compilation cannot be overstated. Given its completeness down to magnitude R = 16, we decided to use the UCAC4 catalog (Zacharias et al. 2013) as the source of our proper motions. This limit virtually includes all the Kepler targets, therefore by using UCAC4 we secured that most of the stars would have proper motion measurements. 
Catalog Cross-match
We compiled a list of the KIC IDs of the Kepler targets from Huber et al. (2014) , and using VizieR 1 we looked for these stars in the KIC and UCAC4 catalogs. We discarded the stars that were found in UCAC4 but did not have proper motions measurements. From the initial 196,468 stars of Huber et al. (2014) , we cross-matched the three aforementioned catalogs and compiled our base catalog. This contains 182,821 sources for which we had, in principle, enough information to perform common-proper-motion searches. Figure 1 shows the density map in Galactic coordinates of our base catalog. The position of the star clusters located in the Kepler field (NGC 6791, NGC 6811, NGC 6819 and NGC 6866) are shown as the black squares, with their corresponding exclusion area (see §4.1) shown as black circumferences around them. It can be seen that the number density of stars is a strong function of latitude, increasing towards the Galactic plane.
Catalog Supplementation
Ideally, a search for gravitationally bound wide binaries would use a data set containing the six parameters of position (α, δ, parallax) and velocity space (proper motion in α and δ, RV). At this point, our base catalog is, however, missing two of these parameters: parallaxes and RVs.
1 http://vizier.u-strasbg.fr/viz-bin/VizieR Obtaining these parameters usually requires greater observing efforts, but as a catalog supplementation we looked for parallax and RV information in the Gaia and Large Sky Area Multi-Object Fibre Spectroscopic Telescope (lamost) data, respectively.
TGAS Data
Although no systematic efforts for obtaining parallaxes for the complete sample of Kepler stars have been performed, some of our stars are flagged in the KIC data as also belonging to the Hipparcos or Tycho-2 catalog. These stars are therefore likely to have parallaxes in the Tycho-Gaia Astrometric Solution (TGAS; Gaia Collaboration et al. 2016) catalog, a subset of the Gaia Data Release 1. Using their IDs and VizieR, we looked for parallax information of these stars in the TGAS catalog.
Considering the very different magnitude distributions of the TGAS catalog (Gaia Collaboration et al. 2016 ) and the stars observed by Kepler, we did not expect a considerable overlap between both data sets (though this will change as further Gaia releases are published). We find 12,201 (≈ 7%) of our stars in TGAS. As explained in §2.3.5, the TGAS stars tend to be nearby stars, in comparison with most of the Kepler stars.
Given the non-trivial analysis involved in calculating distances from parallaxes, we simply compiled the distance values reported by Astraatmadja & Bailer-Jones (2016) . Using different priors in the distance distribution, besides assumptions on the Galactic distribution of stars, Astraatmadja & Bailer-Jones (2016) derived distances from parallaxes for the whole TGAS sample. Following Andrews, Chanamé & Agüeros (2017) , we chose the distance values calculated using the exponential-disk prior.
lamost Data
We cross-matched our base catalog with the lamost DR3 catalog and the Frasca et al. (2016) catalog (which is based on the lamost-Kepler survey; De Cat et al. 2015) . These catalogs report atmospheric parameters (T eff , log g, and [Fe/H]) and RVs. We find 34,368 (≈ 19%) of our base catalog in lamost. 25,975 of these stars were found in both catalogs, but given the more precise DR3 measurements, we prioritized those values over the Frasca et al. (2016) ones for these cases.
A fraction of the lamost stars have multiple spectroscopic observations (hence multiple RV and atmospheric parameters measurements). In these cases, for a given parameter, we took the actual value as the weighted average of the individual measurements, using the reported errors as weights.
Base Catalog Characterization
Spatial Footprint and Chip Gaps
The spatial footprint of the Kepler field is shown in Figure  1 . This pattern is produced by the 21 different CCDs, one per chip, in addition the 90
• rotation on the spacecraft orientation every 3 months (Borucki et al. 2008) . Separating the different chips there are gaps with typical separations of ∼ 2000 .
These gaps introduce a source of incompleteness in our catalog, as we are not capable of finding wide binaries for which one component is within a chip (near the edge) and was observed by Kepler, and its companion is in an adjacent gap (and therefore not observed by Kepler and missing in our catalog). Since our goal is not to perform an statistically complete binary search, but rather to identify pairs where both stars were observed by Kepler, we do not attempt to correct for the edge effects introduced by these gaps.
Moreover, given the typical distances of the stars in the field (see §2.3.5), a real wide binary cannot have its two components on different chips, as the gaps width translates to unphysically wide systems (2000 at ∼1 kpc yields a projected physical separation of ∼ 10 pc). Based on this, we decided to perform an independent binary search in each one of the 21 chips.
In addition to this, in the middle each chip there is a smaller gap with a typical width of ∼ 400 . All the chips but the central one show this smaller gap, where the 90
• spacecraft rotation removed it. Similarly as with the gaps in between chips, the smaller gaps within chips also introduce a source of incompleteness, which we do not try to correct for. Since, for example, systems closer than ∼ 400 pc could have projected angular separations as wide as ∼ 500 (assuming a physical separation limit of ∼ 1 pc), we do not attempt to use the smaller gaps to separate chips in sub-chips.
Proper Motions
In order to understand our base catalog, it is important to characterize the proper motions and the associated errors. For a given star, in order to quantify the quality of its proper motion, we have defined the (dimensionless) parameter
where µα, the proper motion in α from UCAC4, already accounts for the multiplicative cos(δ) factor (Zacharias et al. 2013) , µ is the total proper motion, and σµ is the total proper motion error. Figure 2 shows, for the entire base catalog, the distribution of the total proper motion µ, the total proper motion error σµ, and the µ/σµ parameter. The median values of µ and σµ are 10 mas yr −1 and 6 mas yr −1 , respectively, with only ≈ 18% of the stars having µ 20 mas yr −1 . More importantly, only a ≈ 27% of the stars have µ/σµ 3, which we define as the subset of stars with well measured proper motions. This limit is later adopted as a requirement in our binary search (see §3.2). We deem µ/σµ = 3 as the limit, as lower values would not allow a reliable proper motion analysis, and higher values would greatly decrease the fraction of the base catalog that can be used in our search.
We note that the same ≈ 7% of stars with TGAS parallaxes also have TGAS proper motions. When comparing these with the UCAC4 values we found good agreement between both data sets, and we adopted the UCAC4 proper motions as the nominal values for our searches. Later on, for completeness, we re-ran our binary searches using the TGAS proper motions instead, to check if we could gain new potential candidates missed otherwise (see §5.3). 
Figure 2. Distributions of the UCAC4 total proper motion µ (top), the total proper motion error σµ (middle), and the ratio µ/σµ (bottom) for the entire base catalog.
Angular Separation Distribution
An important property of the source catalog of a wide binary search is its completeness as a function of angular separation. This depends on the selection function of the targets, and in our case, we inherit all the selection effects of the Kepler target selection. In its observations, Kepler attempted to avoid blending and overlapping of targets in the same pixel. Additionally, Kepler has an image scale of 3.98 per pixel (Borucki et al. 2010) , and the mean FWHM of the KIC photometry is 2.4 (Pinsonneault et al. 2012 ). All of these factors affect the completeness of our base catalog as a function of angular separation, making it hard for pairs of stars with small ∆θ values to exist in our catalog. Figure 3 shows the angular separation distribution (number of pairs per unit separation, in log-log scale) for the entirety of our base catalog. We show this distribution for both our data sample (blue circles), and for its random alignments counterpart (red squares). For now, we focus on the distribution of the data sample. We explain the generation of the random alignments samples in §4.2, and further describe their angular separation distribution in §4.2.1.
As a comparison, we also show the expected behavior of the distribution for a random population of single stars (a population without binaries in it) ignoring angular sep- The distribution of the data (random alignments) sample is shown in the blue circles (red squares). The correspondingly colored dashed line shows the expected behavior for a random population of single stars ignoring angular resolution effects (see text).
For plotting purposes only, empty bins (i.e., N = 0) have been set to have y-coordinate= −1, and are shown with empty symbols. The fact that the blue circles drop below the blue dashed line for ∆θ 20 reveals that we are intrinsically biased against the detection of close separation pairs due to the inherited Kepler selection function.
aration resolution effects. For each set of points (blue and red) we show this as the correspondingly colored dashed line. Each of these are simply a line with a slope of 2, normalized to fit the widest separation bin (see also Sesar, Ivezić & Jurić 2008; Quinn & Smith 2009 ). For plotting purposes only, when a given bin of angular separation has no pairs in it (i.e., N = 0), we have set the y-coordinate to be = −1, and we show it with an empty symbol. As expected, the angular separation distribution of the data (blue) is incomplete for small separations, falling below the expected dashed line for ∆θ 20 . This result highlights that a search for wide binaries in our base catalog is challenging, as we are biased against the detection of close separation pairs, precisely where most of the binaries would be expected Sesar, Ivezić & Jurić 2008; Quinn & Smith 2009; Andrews, Chanamé & Agüeros 2017) .
Given the selection effects present in our base catalog, we do not attempt any degree of completeness in our search. Instead, we focus on finding promising wide binary candidates where both stars were observed by Kepler.
KIC Photometry
The multi-band photometry available from the KIC can be used in our search to derive photometric distances. Using this photometry, however, is not straightforward, as the photometric bands used for the KIC observations are not identical to the SDSS ones (though similar). In order to convert from the KIC system to the SDSS one, we use the coefficients derived by Pinsonneault et al. (2012) . This correction in the KIC photometry is not the only one needed, as these magnitudes are also affected by Galactic extinction. While the KIC does report extinction estimates, these values are based on a simple model of the dust distribution in the Galaxy. We instead use the AV estimates from Schlafly & Finkbeiner (2011) , obtained from the IPAC Galactic Dust Reddening and Extinction web page 2 using the stars' α and δ coordinates as input. We then used the coefficients reported by An et al. (2009) to derive extinctions in the SDSS griz bands from AV , and corrected our KIC magnitudes (already in the SDSS system at this point) for this effect.
Photometric Distances and Trigonometric Parallaxes
In a search for wide binaries like ours, distance or parallax estimates, if available, can play an important role when distinguishing promising candidates from spurious pairs. Since trigonometric parallaxes are only available for ≈ 7% of the base catalog, we have calculated photometric distances as a supplement.
We use the photometric parallax relations of Dhital et al. (2010) and Dhital et al. (2015) (based on SDSS-bands colors), which were obtained by comparing with samples of stars with measured trigonometric parallaxes. The quoted error on these relations is 0.3 mag, which corresponds to a 1σ error of ∼ 14% of the distance estimate. This error accounts for the intrinsic width of the MS, unresolved binarity, and metallicity effects (Dhital et al. 2010 ).
An important consideration when using these photometric parallax relations, is that they only apply to MS dwarfs. According to the gravities of Huber et al. (2014) and lamost (prioritized over the Huber et al. 2014 values when available), ≈ 81% of our base catalog stars have log g 4, and we classify them as dwarfs. Moreover, the relations can only be applied to stars in the appropriate color range (0.72 < r − z < 4.53). We further add the constraint of only calculating photometric distances for the stars with measured magnitudes in all four griz-bands.
After accounting for all of these restrictions, we are able to calculate photometric distances for ≈ 78% of the base catalog. The top panel of Figure 4 shows the photometric distance distribution for that subset (green), as well as for subsets obtained by adding the constraints of having µ/σµ 3 and µ 20 mas/yr (blue), and further adding the constraint of having a measured RV (red). The top panel also shows the trigonometric distance distribution for the ≈ 7% of our stars found in TGAS (black). The middle panel of Figure 4 shows, for the subset of stars with both trigonometric and photometric distances, a comparison of these two estimates. The bottom panel shows the fractional error in the photometric distance as a function of trigonometric distance.
As it can be expected, the top panel of Figure 4 shows that by adding the criteria of fast and well measured proper motions, closer by stars are preferentially selected (blue versus green histogram). A similar effect is seen when RVs are required (red versus blue histogram), as higher signal-tonoise spectroscopy is obtained for brighter targets relative to fainter, more distant targets. This subset (red histogram) and the TGAS one (black dashed histogram) peak at a similar distance, although the latter extends to larger values.
The middle panel of Figure 4 shows that, although as a population the stars tend to follow the 1:1 relation, there is large scatter at practically all trigonometric distances. Moreover, as shown in the bottom panel of Figure 4 , the median fractional error on the photometric distances varies strongly with trigonometric distance, changing for up to +30% for dTGAS < 500 pc down to −30% for 500 pc < dTGAS < 1000 pc. For larger dTGAS the median fractional error keeps increasing (toward negative values), although fewer stars are found in this regime. Given all of these, we decided to only use the photometric distances to identify candidate pairs as a last resource (see §8.2).
2.3.6 Parallax, Radial Velocity, and Metallicity Errors
As a further characterization of our data, the top panel of Figure 5 shows the distribution of the standard errors of the TGAS parallaxes, and the middle and bottom panels show the distribution of the statistical errors of the lamost RVs and metallicities, respectively.
The TGAS parallax errors have a floor of 0.2 mas, and a roof of 1.0 mas, with the distribution peaking at σ 0.25 -0.30 mas. Since for our searches we always required µ/σµ 3 (see §3), we also show the distribution for that subset of stars (dashed histogram).
For the lamost RV errors we also show the distributions for the subsets of stars with µ/σµ 0 and 3, with both distribution being similar. The errors peak at values of σRV < 5 km s −1 , with a secondary peak around ∼ 17 -20 km s −1 . These distributions are dominated by the lamost DR3 values, and the secondary peak arises from the less precise lamost-Kepler measurements (Frasca et al. 2016) . A similar behavior is shown by the lamost metallicity errors, with its main peak at values of σ [Fe/H] < 0.04 dex (coming from the lamost DR3 values), and a secondary peak around ∼ 0.13 dex (arising from the lamost-Kepler data).
SUBSAMPLES AND GENERAL PARAMETERS
Subsamples of the Base Catalog
Given the availability of the data supplemented for our base catalog, we have performed four independent searches for wide binaries, each associated with a different subsample. We have defined the following subsamples:
• Subsample 1: "PM--RV". All six parameters of position and velocity space are required: positions, proper motions, TGAS parallaxes, and lamost RVs.
• Subsample 2: "PM-". Positions and proper motions are supplemented with TGAS parallaxes. (No RVs required)
• Subsample 3: "PM-RV-Metallicity". Positions and proper motions are supplemented with lamost RVs and metallicities. (We argue why metallicities can be used as a constraint in §5.4. No trigonometric parallaxes required)
• Subsample 4: "PM-only" (+ photometric distances). Only proper motions were to be used in principle, and a final exercise was carried out using photometric distances as a supplement (Branch A and Branch B, respectively; neither RVs nor trigonometric parallaxes required).
We note that, although the searches performed in a given subsample are independent from the others, there is some overlap among some of the subsamples. For instance, candidates found in Subsample 1 could also be found in Subsamples 2 or 3 (if they pass the selection criteria). Similarly, there is overlap between Subsamples 4 -Branch A and Branch B. If a given candidate pair was already found in a previous subsample, we note this explicitly in both the text and corresponding table.
General Parameters and Criteria
Here we describe the parameters that we used as criteria in our wide binary searches. We separate these in parameters defined for individual stars, and those defined for pairs of stars.
Parameters for Individual Stars
The common element among the binary searches in the four different subsamples is that they all use proper motions as constraints. Therefore, we limit ourselves to only use the stars with well measured proper motions. Accordingly, we always require the criterion:
This requirement limits us to only use a ≈ 27% of the base catalog (see Equation 1 and Figure 2) .
As the contribution from chance alignments decreases for faster proper motions, we have also defined a total proper motion parameter:
For a given star, µ is later compared with the minimum total proper motion allowed for a given search, µmin, and we only look for companions around that star if:
Parameters for Pairs of Stars
Given two stars, A and B, located nearby in the sky, the angular separation between them is defined as:
This parameter is later compared with the maximum angular separation allowed for a given search, ∆θmax, and the pair AB is only accepted if ∆θ(A,B) ∆θmax.
As a common proper motion indicator, for two stars A and B with proper motion vectors µA and µB, we calculate the following parameter:
We have designed this parameter to have a higher value for more promising wide binary candidates. It increases with the proper motion of the pair (numerator of Equation 7, defined here as the minimum of the total proper motion of both stars), as for a faster proper motion the probability of the pair being a chance alignments is lower. Additionally, the more comoving the stars A and B are, the more alike their proper motions vectors are (hence smaller ∆µ), and the µ/∆µ parameter will also increase. Therefore, the higher the µ/∆µ value for a given pair, the more likely it is, at least a priori, to be a real wide binary.
This parameter is then compared with the minimum allowed value for the search, µ/∆µmin, and the pair AB is only accepted if µ/∆µ(A,B) µ/∆µmin.
We note that, for a true wide binary, the µ/∆µ parameter has the advantage of being a distance-independent quantity.
Further criteria are defined later for the specific searches in each of the four subsamples, according to the data available for them (see §4.4).
BINARY SEARCH ALGORITHM AND RANDOM ALIGNMENTS SAMPLES
Given the inherited selection function of our base catalog, our searches are not meant to be complete or free of selection effects. Instead, our goal is to find candidates that, to the limits of the data, are more likely to be real wide binaries.
Search Algorithm
Our procedure to search for wide binary candidates works as follows. For a given search, we separate the input criteria in individual (e.g., µ µmin) and pair criteria (e.g., µ/∆µ µ/∆µmin). The individual criteria (which apply to individual stars), are applied first to expedite the calculations and avoid unnecessary pair matching. Then, pairs are constructed by cross-matching the list of stars that passed the individual criteria with itself. Finally, the pair criteria are applied to these pairs, and we only retain those that pass all the requirements and discard the rest.
We perform a search for wide binary candidates in each of the 21 chips independently (see §2.3.1), and then combine the output candidates in a single list. The result is, for a given set of input criteria, a list of pairs that fulfill all the requirements and can be later analyzed and compared to the results of other searches.
We reject the pairs that have positions consistent with the clusters, as they might be members of them. For each cluster we define an exclusion area, a circumference centered in the cluster with a radius r excl , and discard the pairs located within it. We estimate the exclusion radii "by eye" using the overdensities seen in Figure 1 as guidance, and find r excl 11 for NGC 6791, 32 for NGC 6811, 12 for NGC 6819, and 27 for NGC 6866.
Random Alignments Samples
A critical step when searching for wide binary candidates, is to characterize the contamination from random alignments and spurious pairs. We do this empirically by following the procedure of Lépine & Bongiorno (2007) (see also Andrews, Chanamé & Agüeros 2017) . For a given set of (individual and pair) criteria, this method generates a simulated reciprocal sample of pairs completely made of random alignments, where no genuine binaries are present.
The procedure to generate a random alignments sample is almost identical to the one described in §4.1, with a crucial difference. After the individual stars that passed the individual criteria are selected, this list is cross-matched with a spatially displaced version of itself. For a pair formed by stars A and B, this displacement is done by adding a constant Θ to the δ coordinate of the star B: δ B = δB + Θ (see also Equation 3 of Lépine & Bongiorno 2007) .
By displacing all the stars in the list by a large enough angle Θ, we ensure that all the original pairs are artificially destroyed (they now have ∆θ(A,B) > ∆θmax), and we now have a sample made of pure random alignments. With this, for a given search with its set of criteria, we generate both a list of pairs selected from the data, and its corresponding random alignments counterpart. For the reminder of this paper, we name these list of pairs data and random alignments samples, respectively. For a given search with its ∆θmax criterion, in order to calculate its corresponding random alignments sample counterpart, we set the displacement Θ to be:
With this, we are guaranteed to break all the pairs of the data sample, and at the same time to change the spatial density of stars only by a small amount. The random alignments samples were decisive to assess the presence and behavior of the contamination in our searches, as well as to identify the appropriate criteria in order to select a sample of promising candidates.
Random Alignments Angular Separation Distribution
Figure 3 has shown that, given the selection function inherited from Kepler in our base catalog, the angular separation distribution of our data sample is incomplete for ∆θ 20 (blue circles). We now compare the angular separation distribution of the random alignments sample (red squares) with that of the data sample. Two main differences arise in this comparison. First, a normalization difference is seen between both distributions. This effect is produced by the algorithm that generates the random alignments samples. When shifting the positions of the stars of the pair AB (say, first for star A keeping star B fixed, and second for star B keeping star A fixed), the resulting modified pairs (A'B and AB', respectively) are actually different. Consequently, the algorithm yields a greater number of random alignments pairs than of data pairs.
Second, and contrary to the behavior of the data, the random alignments distribution tightly follows the expected dashed line. This is not surprising, as by displacing the stars by an angle Θ, we are artificially removing the angular separations selection effects of the underlying catalog. For instance, in the random alignments sample, two stars can easily be closer than the Kepler image scale per pixel.
All of these translates into a dearth of data pairs relative to the random alignments pairs, when compared with their respective dashed lines, for small separations (∆θ 20 ), even after accounting for the different normalizations. In other words, only the data sample falls below the expected dashed line, while the random alignments sample follows the expectation for the entire angular separation regime.
Expectations from the µ/∆µ versus ∆θ diagram
Since positions and proper motions are the only parameters that are available for all of our subsamples, the µ/∆µ versus ∆θ plot plays an important role in all of our analysis. Here we describe the qualitative expectations for such a diagram. Table 1 . Summary of the selection criteria used in all subsamples. The 1st and 2nd column list the subsample N o and the parameters used in it, respectively. Given that for Subsamples 1 and 2 we used both UCAC4 and TGAS proper motions to select our candidates, we have separated them in different branches and the 3rd column specifies which proper motion source was used. The 4th column lists the final criteria used in selection of our candidates in each subsamples. These criteria are the relaxed version of our searches (e.g., see §5.2). For all subsample the µ/∆µ min (∆θ) criterion is listed as an array of (x, y) data points, corresponding to (∆θ, µ/∆µ min ) values (where ∆θ is in arcsec). The 5th column lists the number of candidates obtained in each subsample.
Subsample N Even though we are biased against the detection of close separation pairs, we expect most of the wide binary candidates to have rather small angular separations, and at the same time to have similar proper motions (therefore high µ/∆µ values; see §3.2.2). Here the terms small and similar are used just qualitatively, as their absolute values will depend on the subsample under study.
Conversely, we expect chance alignments to have rather wide ∆θ and low µ/∆µ values, as the nature of these pairs is to dominate at wide angular separations (the density of potential binary companions grows with ∆θ), and to not have similar proper motions. Again, here we use wide and low just qualitatively.
Although we always expect some overlapping, in the analysis that follows we try to identify regions in the µ/∆µ versus ∆θ diagram where we expect to find promising wide binary candidates, and at the same time to minimize the presence of random alignments.
The reasoning behind the selection criteria
In each subsample, when possible, the analysis on the µ/∆µ vs ∆θ diagram is supplemented by requiring further criteria (e.g., parallax constraints, RV constraints), depending on the available data. This allows us to select promising candidates that have matching parameters in a multi-dimensional phase space.
In all subsamples we combine the available data in a set of multi-dimensional selection criteria to produce a nominal sample of candidates. Then, in particular in the Subsamples 1 to 3, as some of the constraints used in our nominal search might be too stringent for some promising candidates, we systematically relax these selection criteria. We continue relaxing them until we enter the 'contamination-dominated' region, where chance alignments begin to dominate, and where the quality of our data does not allow us to reliably distinguish candidates from chance alignments.
Given that in each subsample we use a number of constraints, sometimes changing from one subsample to another, for clarity we list the final selection criteria used in Table 1 . (The listed criteria correspond to the 'relaxed' versions.)
BINARY SEARCH IN THE SUBSAMPLE 1:
"PM--RV"
Finding Promising Candidates
We begin our wide binary search with the subsample of stars for which all six parameters of position and velocity space are available. This subsample is chosen as the starting point, as more constraints (e.g., RV consistency, parallax consistency) can be applied. This provides the advantage of allowing us to constrain different parameters simultaneously, without being overly stringent in any one of them in particular. Our initial pool consists of 4,642 stars with µ/σµ 3 for which RVs and trigonometric parallaxes are available. Given the peak of the trigonometric distance distribution of ∼ 400-500 pc (see Figure 4) , we set the maximum angular separation of pairs to be ∆θmax = 500 , which would allow us to find wide binaries with projected physical separations up to ∼ 1 pc (if they are present).
For now, we do not require any common proper motion constraint (µ/∆µmin = 0). Given these initial criteria, we run our search algorithm and find 5,901 pairs in the data sample, and 9,741 pairs in its random alignments counterpart. The top row of Figure 6 shows the distribution of these pairs in the µ/∆µ versus ∆θ space for both the data (left column, blue) and the random alignments samples (right col- The left (right) column shows in blue (red) the pairs of the data (random alignments) sample. Each row represents a different search, going downwards as more criteria are included. Each row requires the criteria indicated in that panel, in addition to all the criteria used in the panels above it. The number of pairs of each panel is shown at the top left in blue or red, respectively. In the 1st row we only include stars with well measured proper motions (µ/σµ 3), and search for pairs up to angular separations of ∆θmax = 500 . In the 2nd row, we only keep the pairs whose stars have RVs consistent within 1σ, parallaxes consistent within 3σ, and projected physical separations s 1 pc. In the 3rd row we add the common proper motion criterion µ/∆µ min = 3, discarding everything below that line, shown as the shaded area. Finally, in the 4th row we modify this criterion by adding an angular separation dependence to it, µ/∆µ min = f(∆θ), shown as the extra shaded area in comparison with the 3rd row.
umn, red). The following rows of Figure 6 show the results of subsequent searches when further criteria are added.
In this initial search, the top row of Figure 6 shows that for both the data and random alignments samples, most of the pairs have µ/∆µ < 5. Moreover, most of the pairs are piled up at low µ/∆µ and large ∆θ values, as expected from samples dominated by chance alignments (see §4.3). While both panels look similar at first glance, there are some important differences. First, as expected, the random alignments sample shows more pairs with ∆θ < 30 than the data sample (particularly at µ/∆µ < 2). As discussed in §4.2.1, this is an artifact of the algorithm that generates the random alignments samples. Another difference is that for ∆θ 50 , there are a some pairs in the data sample that stand out for their high µ/∆µ values ( 8), in comparison with the random alignments counterpart.
We now wish to add further constraints to our search.
For real wide binaries, one would expect them to have consistent parallax and RV values. We favor a parallax constraint instead of a distance one, because this is the actual measured quantity by Gaia, while the distance estimates of Astraatmadja & Bailer-Jones (2016) take into account a pre-established model of the Galaxy. Nevertheless, we do use their distances in order to estimate projected physical separations.
For a given pair, we define our criteria as a requirement of: consistency of the RV values of the two stars within their errorbars (1σ), and consistency of their parallax values within 3 times their errorbars (3σ). While this may not seem as a very stringent parallax criterion given the size of the associated errorbars, later on we assign a qualitative flag to our candidate pairs depending on how consistent (or inconsistent) they look when taking all the parameters into account.
Using the distance estimates of Astraatmadja & BailerJones (2016) we can estimate projected physical separations for the pairs. We calculate this as the average trigonometric distance of a given pair, times its angular separation:
where d1 and d2 are the distance estimates of the stars in the pair. We require the projected physical separation to be of order of the tidal limit for wide binaries: s 1 pc Jiang & Tremaine 2010; Yoo, Chanamé & Gould 2004) . We note that recent works using TGAS claim to identify large numbers of comoving pairs with projected physical separations exceeding the s ∼ 1 pc limit, even with separations of up to ∼ 10 pc (Oh et al. 2017; Oelkers, Stassun & Dhital 2017) . At these scales, these systems are not expected to be gravitationally bound. Most importantly, Andrews, Chanamé & Agüeros (2017 demonstrate that those pairs at very large separations are mostly composed of chance alignments, and TGAS data are not enough to distinguish these from the population of ionized former wide binaries predicted by Jiang & Tremaine (2010) . While the search for this population is interesting on its own, our goal is to select pairs that are likely to be gravitationally bound wide binaries. Therefore, we restrict our search to pairs with separations smaller than 1 pc.
The remaining pairs after adding these three criteria (∆RV 1σ; ∆ 3σ; s 1 pc) are shown in the 2nd row of Figure 6 . Now, the number of pairs in both samples has decreased dramatically, implying most of the pairs of the 1st row were chance alignments. Notably, most of the pairs with ∆θ > 100 have been discarded. Although not shown explicitly, we note that this mainly comes mainly from the projected physical separation criterion, highlighting the importance of having distance estimates in our searches.
So far no common proper motion criterion has been required (i.e., µ/∆µmin = 0), so we now add the constraint of µ/∆µmin = 3 and discard all the pairs below that line. This is shown in the 3rd row of Figure 6 , with the shaded area showing the discarded portion of the diagram. This value was chosen as the random alignment sample at this point is dominated by pairs that do not pass this requirement. The number of pairs in both samples drops dramatically again, but now clear differences between them can be seen.
In the 3rd row of Figure 6 most of the random alignments pairs are still concentrated at low µ/∆µ (< 5) and wide ∆θ (> 100 ) values. While using a higher µ/∆µmin value would discard most of the random alignments pairs, it would also discard most of the data pairs. We prefer not to do this, to avoid getting rid of potential promising candidates, and we instead use a µ/∆µmin criterion with an angular separation dependence: µ/∆µmin = f(∆θ). This is shown as the new shaded area in the 4th row of Figure 6 .
The function f(∆θ) has been defined qualitatively, as at this point we are trying to delineate a region in the µ/∆µ versus ∆θ phase space where the random alignments sample pairs are greatly diminished, and where simultaneously the data sample pairs stand out as promising candidates.
After applying this criterion, we are left with 10 pairs in the data sample and 8 pairs in the random alignments one. This constitutes the nominal search of the Subsample 1, although we expand in the following subsections.
We note, however, that the ratio of the number of random alignments pairs to the number of data sample pairs, 8/10, does not mean that the contamination rate in our candidate pairs is 80%. We expect the actual contamination rate to be lower for two reasons.
First, because the algorithm that generates the random alignments samples produces many more of such pairs than data pairs for a given set of criteria. To illustrate this, compare the normalizations for the blue and red dashed lines in Figure 3 , and also note the number of pairs quoted in both panels of the 1st row of Figure 6 . Second, because even after accounting for the different normalizations, the angular separation distribution of the random alignments is different from that of the data sample pairs (see §4.2.1). This translates to the former distribution having an over-abundance of small ∆θ pairs compared to the latter.
At this point we would like to assess the reliability of the pairs found in the data sample. One way of doing this, is to compare them with the random alignments sample pairs in a region of phase space that has not been involved in the search. For this purpose we use the lamost metallicities, and compare the [Fe/H] values of the two components of each pair in Figure 7 .
Given our current understanding on the formation of wide binaries, when comparing the abundances of their components, we would expect both stars to have similar metallicities, as both stars come from the same parental material. Empirical evidence for this expectation has been reported in the works of Andrews, Chanamé & Agüeros (2018) , Desidera et al. (2004) and Desidera et al. (2006) , reinforcing the idea that wide binaries can be thought of as the smallest versions of open clusters (cochemical and coeval stars). Figure 7 shows the metallicity comparison of the data sample pairs on the left (blue), and of the random alignments pairs on the right (red). The 1:1 relation, and a ±0.1 dex displacement from it, are shown as the solid and dashed lines, respectively. It can be seen that the data pairs tend to follow the 1:1 relation, while the random alignments pairs do not.
We take this result as a confirmation that our multipleparameter criteria used to select the data sample pairs is indeed recovering promising wide binary candidates, as for most of the components of the pairs their metallicities tend to be similar (even though the metallicity was not used as a criterion). This result is in agreement with the expectations.
In spite of these promising results, some contamination might still be present in our nominal data sample. For instance, one pair in Figure 7 is located well off the 1:1 relation, with [Fe/H]1 = −0.132 dex and [Fe/H]2 = +0.24 dex. Because of this, we decide to assign qualitative flags to our candidates depending on how consistent or inconsistent they appear to be when taking all the parameters into account.
For any given pair, we assign it one of three types of flags: "a", when it is consistent in all the parameters and most likely is a real binary; "b", when it appears to be consistent in some regards but not in others; and "c", when even though it passed all the required criteria of the search, it shows clear inconsistencies under a more detailed inspection, and most likely correspond to a chance alignment.
Out of the 10 pairs obtained in the 4th row of Figure 6 ,
Random Alignments Figure  6 , after applying the constraints of RV, parallax, projected physical separation, and proper motion consistency. The black solid line is the 1:1 relation, and for guidance we show a ±0.1 dex displacement from it in the black dashed lines. For the data sample pairs we have assigned three type of flags. For a given pair these flags mean: "a": it is consistent in all parameters (filled circles); "b": it is consistent in some parameters but not in others (empty circles); "c": it shows clear inconsistencies (crosses). In the data sample shown there are 3 "a", 5 "b", and 2 "c" pairs. The pairs assigned with flag="c" have been discarded from our candidate list.
we classify 3 of them as "a", 5 of them as "b", and 2 of them as "c". Figure 7 also shows the data sample pairs labeled according to this classification. We report the "a" and "b" pairs in the first block of Table 2 , where we also provide the parameters associated with the pairs and their components stars. The pairs assigned with flag="c" are discarded from our candidate list and not further analyzed.
Relaxing the ∆RV Criterion
Some of the candidates found in §5.1 have very precise RV (and metallicity) measurements (see Table 2 ). While this is a convenient aspect of the lamost DR3 data, in the event that some of the RV errors are underestimated, we might be discarding promising pairs because the RV criterion we have used (∆RV 1σ) is too stringent. In other words, there might be promising pairs that are only consistent within 2σ or 3σ in ∆RV, that are being rejected by our algorithm. Consequently, we run our search algorithm modifying the RV criteria used in the final search of §5.1 to ∆RV 2σ (with the rest of the criteria unchanged). By doing this we find 4 new pairs, out of which we classify 1 with flag="a", 1 with flag="b", and 2 with flag="c". We report the pairs classified as "a" and "b" in the second block of Table 2 and discard the ones classified as 'c".
We also run our algorithm using ∆RV 3σ, but we only recovered 2 new pairs, both being classified with flag="c", with no new promising pairs being gained. This implies that we are probably entering the domain where chance alignments dominate, and we therefore decide to not continue relaxing the criteria and terminate the binary search of this subsample (using the UCAC4 proper motions) here.
Using the TGAS Proper Motions
The results of §5.1 and §5.2 were obtained using the UCAC4 proper motions. As a final exercise, in order to find potential candidates missed otherwise, we re-run our search algorithm using the TGAS proper motions instead, and check if new candidate pairs pass the criteria.
Similarly, we use the nominal ∆RV 1σ criterion, but also relax it to 2σ and 3σ. The rest of the criteria are left unchanged. When ∆RV 1σ, we gain 3 new pairs, 1 of them being classified as flag="b" and 2 as flag="c". For ∆RV 2σ, 2 new pairs are gained, 1 classified as flag="b" and 1 as flag="c". Finally, for the ∆RV 3σ case, 2 new pairs are gained as well, 1 being classified as flag="b" and 1 as flag="c". The 3 promising pairs gained when using the TGAS proper motions (all classified as flag="b") are reported in the third block of Table 2 .
Conclusions from the Subsample 1
By having started performing our wide binary searches in the Subsample 1, the only subsample where all six parameters of the position and velocity phase space can be constrained simultaneously, we have gained insight on how to better select promising candidates. This insight can now be applied for the remaining subsamples, where not all the parameters are available, and therefore more specific constraints are required.
The approach used in this subsample, where we started requiring criteria first for the individual stars (e.g., µ/σµ 3, availability of parallax and RV measurements) and then for the pairs (e.g., ∆RV, µ/∆µmin), is also applied in the other subsamples. In this way we first get a picture of the phase space without any constraints on the pairs (1st row of Figure 6 ), and then we move onto applying several criteria in order to select our candidates. A summarized version of Table 2 . List of our wide binary candidates in the Subsample 1: "PM--RV". We only report the pairs qualitatively flagged as "a" and "b", as the pairs flagged as "c" have been discarded from our candidate list. The table is separated in three blocks, each one of them containing the candidates found in §5.1, §5.2, and §5.3, respectively. In any given block of the table, the pairs are separated by horizontal lines. For each star we report KIC ID, proper motion, parallax, RV, and metallicity. For each pair we report µ/∆µ, angular separation, projected physical separation, and the assigned qualitative flag. The 12th column, RV-flag, indicates whether or not a given star has multiple lamost measurements. For stars with only one measurement, the column is left blank. For stars with multiple measurements, RV-flag=*, and the reported RV and metallicity are the weighted average of the individual measurements (see §2.2.2). the selection criteria used in this subsample can be found in Table 1 . Additionally, Figure 7 has lead us to conclude that the component of wide binaries tend to have similar metallicities, in agreement with theoretical expectations and the observational results of Andrews, Chanamé & Agüeros (2018) , Desidera et al. (2004) , and Desidera et al. (2006) . With this result in mind, in an attempt to compensate for the absence of trigonometric parallaxes, in the search performed in the Subsample 3 we require the metallicities of the components of candidate pairs to be consistent.
We also point out that, for a given set of criteria, the reader should not interpret the ratio of the number of random alignments pairs to the number of data pairs as the contamination rate of our candidates. This ratio is biased towards higher values (see §5.1), and we expect the actual contamination rate to be lower than that.
Finally, we note that the goal of our procedure is to find samples of wide binary candidates where both stars were observed by Kepler. This, however, does not imply that our search is complete. Besides of the inherited Kepler selection function, the criteria used in our search might be too stringent for some binary candidates. For these potentially promising but nevertheless discarded pairs, the quality of our data does not allow us to reliably distinguish them from chance alignments.
The procedure to select our binary candidates in the remaining subsamples is analogous to the one used here, to the extent of the available data. The reader may wish to skip the details of the selection process and continue in §9, after our final sample of candidates has been compiled.
BINARY SEARCH IN THE SUBSAMPLE 2:
"PM-"
Finding Promising Candidates
We now proceed to look for wide binary candidates in the subsample of stars with proper motions and trigonometric parallaxes available (no RVs required). Since this is intrinsically a subsample where less constraints can be applied (no ∆RV), we add a parallax quality criterion. Similarly as with the proper motion quality cut, we only work with stars that satisfy: In the 1st row we only include stars with well measured proper motions (µ/σµ 3) and parallaxes ( /σ 3), and search for pairs up to angular separations of ∆θmax = 500 . In the 2nd row we only keep the pairs whose stars have parallaxes consistent within 1σ and projected physical separations s 1 pc. In the 3rd row we add the µ/∆µ min = 3 common proper motion constraint, and in the 4th row we add an angular separation dependence to it, µ/∆µ min = g(∆θ).
This criterion preferentially retains stars with larger parallax values.
With this, our initial pool now consists of 6,688 stars with µ/σµ 3 that also satisfy Equation 11. Similarly as with the Subsample 1, based on the trigonometric distance distribution of Figure 4 , we set the angular separation search radius to be ∆θmax = 500 , again allowing us to find binaries with s 1 pc if present.
For now, we do not require any common proper motion constraint (µ/∆µmin = 0). With these criteria we run our search algorithm and find 11,392 pairs in the data sample and 18,508 pairs in its random alignments counterpart. The µ/∆µ versus ∆θ phase space for this search is shown in the top row of Figure 8 , with the result of subsequent searches shown in the following rows.
Similarly as in the Subsample 1, we find most of the pairs piled up at low µ/∆µ and large ∆θ values, indicating the region where the chance alignments dominate. In this subsample, however, there is an even more clear overabundance of data sample pairs with high µ/∆µ values ( 10) and ∆θ 40 .
We now add the parallax constraint ∆ 1σ, meaning we only keep the pairs whose stars have parallaxes consistent within their errorbars. We also add the projected physical separation constraint s 1 pc. The remaining pairs after applying these two criteria are shown in the 2nd row of Figure  8 .
From the 1st to the 2nd row of Figure 8 the number of pairs in both panels has dropped dramatically. Once more, most of the pairs with ∆θ > 100 have been discarded due to the s 1 pc criterion.
We now add the common proper motion constraint µ/∆µmin = 3, discarding all the pairs located in the shaded region of the 3rd row of Figure 8 . The difference between both panels is now more evident, with the random alignments sample pairs being concentrated at the bottom right Random Alignments Figure 7 . In the data sample shown there are 11 "a", 1 "b", and 1 "c" pairs. We note that the well known wide binary 16 Cygni (KIC 12069424/KIC 12069449) is recovered by our nominal search, but due to its large parallax value ( 47 mas), it is off the scale of the plot.
corner of the plot, and the data sample pairs covering the same portion of the plot but clearly extending to smaller ∆θ and greater µ/∆µ values. Moreover, only the widest (∆θ > 100 ) random alignments pairs have µ/∆µ >10, while there are data pairs with µ/∆µ >10 across the entire 10 < ∆θ < 500 range.
As a last step, we add an angular separation dependence to the common proper motion criterion, µ/∆µmin = g(∆θ). As in Subsample 1, we define the g(∆θ) function qualitatively, trying to clip as many random alignments pairs as possible, and at the same time finding a region where the data pairs stand out for their high µ/∆µ value.
After adding this criterion in the 4th row of Figure 8 , we are left with 14 pairs in the data sample and 3 pairs in the random alignments sample. This constitutes the nominal search of the Subsample 2, although we expand it in the following subsections.
Contrary to the pairs left in the data sample, the 3 pairs left in the random alignment sample all have ∆θ > 100 , showing that we expect the contamination of our wide binary candidates to be not only small, but present only at large ∆θ values.
Even though the parallax values were used as constraints in this subsample (therefore, for any given pair, matching by construction), we can still get relevant conclusions from studying their distribution. Figure 9 compares the parallax value of the two components of the data pairs (left column, blue) and random alignments pairs (right column, red) with the 1:1 relation (black solid line).
Besides having wide angular separations, Figure 9 shows that the 3 random alignments pairs left also have small parallax values when compared with the data sample pairs. The random alignments pairs are concentrated at 2 mas, while the data pairs extend across the entire 2 10 range. Therefore, we expect most of the contamination in our candidates to exist for the pairs with smallest parallax values.
Similarly as for the Subsample 1, we assign qualitative flags ("a", "b", or "c" ) to our wide binary candidates. We note that in this case, when assessing the overall consistency of our pairs, we do not have RVs available for most of them, and therefore our qualitative statement is based only on parallaxes, proper motions, and projected physical separations.
We note that out of the 14 pairs obtained in the 4th row of Figure 8 , 3 of them were also obtained in Subsample 1 (all of them classified as "a", these are the pairs N o 3, N o 8, and N o 10 of Table 2 ). Of the 11 new pairs obtained in the 4th row of Figure 8 , we classify 9 of them as "a", 1 of them as "b", and 1 of them as "c". The data sample pairs shown in Figure 9 are labeled according to this classification, and we report the "a" and "b" pairs in the first block of Table  3 .
Relaxing the ∆ Criterion
Since our parallax constraint of ∆ 1σ might be too stringent for pairs with large parallaxes but underestimated errors, we run our search algorithm relaxing the criteria used. First we use ∆ 2σ and leave the rest of the criteria unchanged. By doing this we find 7 new pairs, out of which we classify 3 as "a", 1 as "b", and 3 as "c". We then further relax our parallax consistency criterion to ∆ 3σ and find only 1 new pair, classifying it as "c". We decide to conclude this binary search (using the UCAC4 proper motions) here, as a more relaxed ∆ criterion will predominantly select chance alignments. The "a" and "b" pairs gained by this exercise are reported in the second block of Table 3 . Table 3 . List of our wide binary candidates in the Subsample 2: "PM-". Analogous to Table 2, for the subsample of stars with only proper motions and trigonometric parallaxes available (no RVs required). We only report the pairs qualitatively flagged as "a" and "b". The table is separated in three blocks, each one of them containing the candidates found in §6.1, §6.2, and §6.3, respectively. The 3 pairs found in §6.1 that were also found in Subsample 1 (pairs N o 3, N o 8, and N o 10 of 
Using the TGAS Proper Motions
Finally, we re-run our search algorithm using the TGAS proper motions in order to find new pairs that would missed otherwise. We use a slightly modified angular separation dependence on the common proper motion consistency criterion, namely µ/∆µmin = g (∆θ). This function is similar to g(∆θ) shown in the 4th row of Figure 8 , but defined using the TGAS proper motions instead. We use the nominal ∆ 1σ, but also relax it to 2σ and 3σ, while keeping the rest of the criteria are unchanged. For ∆ 1σ we gain 10 new pairs, 3 of them being classified as "a", 3 as "b", and 4 as "c". For ∆ 2σ we gain 4 new pairs, 1 of them being classified as "b" and 3 as "c". Finally, for ∆ 3σ, only 1 "c" pair is gained. The "a" and "b" pairs gained by this exercise are reported in the third block of Table 3 . A summarized version of the selection criteria used in this subsample can be found in Table 1 . Figure 6 , for the subsample of stars with proper motions, lamost RVs and metallicities available (no parallaxes required). In the 1st row we only include stars with well measured proper motions (µ/σµ 3), RVs (σ RV 10 km s −1 ), and metallicities (σ [Fe/H] 0.1 dex), and search for pairs up to angular separations of ∆θmax = 200 . In the 2nd row we only keep the pairs whose stars have RVs and metallicities consistent within 2σ. In the 3rd row we add the µ/∆µ min = 3 common proper motion constraint, and in the 4th row we add an angular separation dependence to it, µ/∆µ min = h(∆θ).
BINARY SEARCH IN THE SUBSAMPLE 3:
"PM-RV-METALLICITY"
Finding Promising Candidates
We now search for wide binary candidates in the subsample of stars with lamost RVs and metallicities available (no parallaxes required). In comparison with Subsample 1, less constraints can be used in this search (no ∆ ). In an attempt to compensate for this and further constrain our potential candidates, in addition to using the RVs, we decide to use the metallicities as a criterion. This is based on the conclusion that the components of wide binaries tend to have similar abundances (see §5.4). First, we perform a quality cut in the parameters that will be used as constraints. We only use stars that satisfy:
and
These quality cuts, in addition to the µ/σµ 3 criterion, leave us with 10,944 stars in the initial pool for this subsample. In this case we set the angular separation search radius to be ∆θmax = 200 .
For now, we do not require any common proper motion constraint (µ/∆µmin = 0). Using these criteria we run our search algorithm and find 5,250 pairs in the data sample and 10,764 pairs in its random alignment counterpart. The µ/∆µ versus ∆θ phase space for this search is shown in the top row of Figure 10 . The distribution of pairs seen is similar as the ones found in the previous subsamples, with most pairs piled up at low µ/∆µ and large ∆θ values. There is, however, a small overabundance of data sample pairs with respect to the random alignments sample pairs at ∆θ 30 and µ/∆µ 5-10.
We now require the pairs to have RVs and metallicities consistent within two times their errorbars, i.e., ∆RV 2σ and ∆[Fe/H] 2σ. The same subsequent searches were initially performed with a 1σ consistency criterion for RVs and metallicities, however this yielded an extremely small sam- Figure 10 , after applying the constraints of RV and metallicity quality, as well as proper motion, RV, and metallicity consistency. The black solid line in all panels shows the 1:1 relation, and for guidance we show a ± 10 km s −1 (top) and ±0.1 dex (bottom) displacement from it in the black dashed lines. As for the previous subsamples, we have assigned qualitative flags "a/b/c" based on the overall consistency of a given pair. In the data sample shown there are 2 "a", 4 "b", and 2 "c" pairs.
ple size, and we opted to use a 2σ consistency instead (see below). The pairs remaining after using these criteria are shown in the 2nd row of Figure 10 . Although the number of pairs has dropped greatly in both panels, now the overabundance of data sample pairs can be seen more clearly (see ∆θ 20-40 , µ/∆µ 5).
As with the previous subsamples, in the 3rd row of Figure 10 we add the common proper motion constraint µ/∆µmin = 3. Now, both panels show clear differences. The random alignments sample pairs are all located at ∆θ 50 . While the data sample pairs span the whole 20 ∆θ 200 range, the pairs with ∆θ 40 have no counterpart in the random alignments sample, indicating they could be promising candidates.
Finally, we add an angular dependence to the common proper motion criterion, µ/∆µmin = h(∆θ), shown in the 4th row of Figure 10 . We have defined h(∆θ) function qualitatively, trying to discard as many random alignments sample pairs as possible and keeping the promising candidate pairs of the data sample.
With this, we are left with 8 pairs in the data sample and 2 pairs in its random alignments counterpart. This constitutes the nominal search of the Subsample 3, although we expand it in §7.2. At this point we note that, ideally, the criteria used for this search would have been more stringent regarding the RV and metallicity consistency (e.g., 1σ instead of 2σ). While that was our original search, by doing this (and using the same µ/∆µmin = h(∆θ) criterion) we were left with only 2 pairs in the data sample and 1 pair in its random alignments counterpart. We considered this to be too small of a sample size, and we relaxed the ∆RV and ∆[Fe/H] criteria to a 2σ level.
As with the previous subsamples, we assign qualitative flags ("a", "b", or "c" ) to our wide binary candidates. The qualitative flags, in this case, do not take into account parallaxes, and they are only based on proper motions, RV and metallicity values. Out of the 8 candidate pairs, we classify 2 of them as "a", 4 as "b", and 2 of them as "c". One of the "b"-flagged pairs was also obtained in Subsample 1 (pair N o 2 of Table 2 ). The remaining pairs are reported in the first block of Table 4 . Figure 11 shows the comparison of the RV and metallic- Table 4 . List of our wide binary candidates in the Subsample 3: "PM-RV-Metallicity". Analogous to Table 2 , for the subsample of stars with proper motions and lamost RVs and metallicities available (no parallaxes required). We only report the pairs qualitatively flagged as "a" and "b". The table is separated in two blocks, each one of them containing the candidates found in §7.1 and §7.2, respectively. The pair found in §7.1 that was also found in Subsample 1 (pair N o 2 of ities of the two components of the data sample (left column, blue) and random alignments sample (right column, red) pairs with the 1:1 relation (black solid line).
Relaxing the σ RV and σ [Fe/H] Criteria
In the previous subsamples, when trying to expand our candidate pairs lists, we have relaxed the consistency criteria (∆RV, ∆ ). For this subsample, however, we have already used a 2σ-consistency level in order to define our candidate list. Now, to further look for potential candidates, we slightly relax the quality criterion used on the RVs and metallicities. We set σRV = 15 km s −1 and σ [Fe/H] = 0.15 dex. Using these values, and keeping all the other criteria constant, we run our search algorithm and find 4 new pairs in the data sample and 5 new pairs in the random alignments sample. Out of these 4 new pairs, we classify 1 of them as "a", 2 of them as "b", and 1 of them as "c", and report them in the second block of Table 4 . We notice that, by using these relaxed RV and metallicity quality criteria, the random alignments sample has increased more than the data sample, suggesting we are entering the contamination-dominated region. Accordingly, we terminate this binary search here. A summarized version of the selection criteria used in this subsample can be found in Table 1 .
BINARY SEARCH IN THE SUBSAMPLE 4:
"PM-ONLY"
Finally, we proceed to search for wide binary candidates in the subsample of stars with only proper motions. We design this search to be in a completely different data set as the previous ones. We do this by excluding all the pairs that have TGAS parallaxes and/or lamost RVs and metallicities for both component stars. In this way, every candidate that we could find here, is, by construction, not found before. We separate this search into two branches. Branch A uses only proper motions quality and consistency as criteria. Branch B, on the other hand, uses proper motions as well as photometric distances (and photometric projected physical separations).
Branch A: "PM-only"
In all the previous subsamples we have not required a minimum total proper motion criterion (i.e., µmin = 0 mas yr −1 ), as we were simultaneously applying several other constraints (parallaxes and/or RVs and metallicities; common proper motions). In this case, however, fewer constraints can be used, and we therefore expect chance alignments to have a greater impact in our search. To mitigate this, as their contribution increases rapidly with slowly moving stars, we set µmin = 20 mas yr −1 . With this, our initial pool consists of 24,428 stars with fast and well measured proper motions (µ 20 mas yr −1 ; µ/σµ 3). For the angular separation search radius we set ∆θmax = 200 .
For now, we do not require any common proper motion constraint (µ/∆µmin = 0). With these criteria we run our search algorithm, and find 27,360 pairs in data sample and 48,462 pairs in its random alignments counterpart. The µ/∆µ versus ∆θ phase space for this search is shown in the top row of Figure 12 .
In this case, as many more stars are being used in comparison with the other subsamples, the µ/∆µ versus ∆θ phase space is more populated for both the data and random Figure 12 . Subsample 4 -Branch A: "PM-only". Analogous to Figure 6 for the subsample of stars with only proper motions (neither TGAS nor lamost data required). In the 1st row we only include stars with fast and well measured proper motions (µ min = 20 mas yr −1 ; µ/σµ 3), and search for pairs up to angular separations of ∆θmax = 200 . In the 2nd row we add the µ/∆µ min = 5 common proper motion constraint, and in the 3rd row we add an angular separation dependence to it, µ/∆µ min = x(∆θ).
alignments samples. The distribution of points, however, is similar to the ones seen in previous subsamples, though in this case it naturally extends to smaller ∆θ and higher µ/∆µ values. The selection effects of the TGAS and/or lamost stars are not imprinted in this search.
We now add the common proper motion constraint µ/∆µmin = 5, shown in the 2nd row of Figure 12 . In this case, the µ/∆µmin value used is more stringent than in the previous subsamples, as fewer constraints are being used, and proper motions are our only mean to select candidates.
At this point, although there is still mostly overlap between both samples in the phase space, some data sample pairs with close separations (∆θ 20 ) and high µ/∆µ values do not have analogous counterparts in the random alignments sample. At the same time, for separations wider than ∆θ 60 , the random alignments sample pairs have even higher µ/∆µ values than the data sample pairs, showing how complicated it would be to look for promising candidates in that angular separation regime.
We use these remarks to define the angular separation dependence of the common proper motion criterion, µ/∆µmin = x(∆θ), shown in the 3rd row of Figure 12 . After applying this criterion we are left with 10 pairs in the data sample and 3 pairs in the random alignments sample. This constitutes the final search of the Subsample 4 -Branch A.
One of the 10 candidate pairs of the data sample, KIC 8909853/KIC 8909876, is not shown in the 3rd row of Figure  12 . Its component stars have the exact same proper motion in our data, therefore µ/∆µ is undefined. This pair has ∆θ 18 and µ 266 mas yr −1 . While we initially thought this could be an artifact of UCAC4, we have investigated this pair in the Second Data Release (DR2) from Gaia (Gaia Collaboration et al. 2018 ) and confirmed it is a promising candidate (see §11).
7 out of the 10 data sample pairs have angular separations ∆θ 20 versus only 1 of the random alignments sample pairs. Given this, we expect the contamination fraction of these close-separation candidates to be small. On the other hand, for the 3 candidate pairs with wider angular separations (∆θ 40 ), we expect a higher contamination fraction as they overlap in phase space with the remaining 2 random alignments pairs. Random Alignments Figure 13 . Subsample 4 -Branch A: "PM-only". Comparison of the photometric distances of the two components of 6 data sample pairs (left column, blue) and 2 random alignments sample pairs (right column, red). The pairs shown are the subset of those obtained in the 3rd row of Figure 12 that have photometric distance estimates for both component stars. The black solid line is the 1:1 relation, and the black dashed lines show the ±1σ error (∼ 14%) of the photometric parallax relation used (Dhital et al. 2010 . Table 5 . List of our wide binary candidates in the Subsample 4 -Branch A: "PM-only". Analogous to Table 2 , for the subsample of stars with only proper motions (neither parallaxes nor RVs nor metallicities required). For some stars we are able to calculate photometric distance estimates d phot , and we report them in the 7th column. We note, though, that photometric distances were only used for comparison purposes and not required as criteria in this search. Additionally, some of the stars have TGAS parallax values, and we report them as well in the 9th column. We note that the stars of the pair KIC 8909853/ KIC 8909876 (pair N o 8 in the table) have the exact same proper motion in UCAC4, therefore µ/∆µ is undefined. While we initially thought this could be an artifact of UCAC4, Gaia DR2 has confirmed this pair is promising (see §11).
List of pairs obtained in §8. Although by construction these candidate pairs do not have neither parallaxes nor RVs nor metallicities for both component stars, we can compare their photometric distances, if available (they were not used as criteria in this search). Out of the 10 (3) data (random alignments) sample pairs, 6 (2) of them have photometric distance estimates for both component stars. We show the comparison of these estimates for the data pairs (left column, blue) and random alignments pairs (right column, red) in Figure 13 .
Out of the 6 data pairs shown, only 1 of them is notably off the 1:1 relation while 5 of them lie close to it (4 have d phot consistent within 1σ, 1 is within 1.5σ). For the random alignments pairs, 1 of them is clearly off the 1:1 relation and 1 lies close to it, although both of these are the wide pairs (∆θ 40 ) of the 3rd row of Figure 12 .
We report these 10 candidate pairs in Table 5 . For this subsample we do not assign qualitative flags as fewer criteria were used when looking for the candidate pairs. A summa- Figure 14 . Subsample 4 -Branch B: "PM+photometric distance". Analogous to Figure 6 for the subsample of stars with only proper motions and photometric distance estimates (neither TGAS nor lamost data required). In the 1st row we only include stars that satisfy the criteria: µ/σµ 3 and µ min = 10 mas yr −1 , and we search for pairs up to angular separations of ∆θmax = 200 . In the 2nd row we only keep the pairs whose stars have photometric distances consistent within 1σ and with photometric projected physical separations s phot 0.1 pc. In the 3rd row we add the µ/∆µ = 5 common proper motion constraint, and in the 4th row we add an angular separation dependence to it, µ/∆µ = y(∆θ).
rized version of the selection criteria used in this subsample can be found in Table 1 .
Branch B: "PM+photometric distance"
As a final exercise, we look for wide binary candidates when using proper motions and supplementing them with photometric distances. Even though we know the absolute values of the photometric distance estimates might not be accurate (see Figure 4) , we use them as a last resource to exploit all our available data.
Since photometric distances are required in this subsample, we are introducing a bias against detecting pairs with subgiant/giant components (see §2.3.5). We note, however, that this is the only search in which we have introduced such a bias.
From the search in the Subsample 4 -Branch A, we slightly modify the initial pool of stars. We maintain the proper motion quality cut (µ/σµ 3), but since we are adding new constraints, we relax the total proper motion criterion to µmin = 10 mas yr −1 . We also require the stars to have photometric distance estimates available. This leaves us with an initial pool 30,682 stars.
For now, we do not require any common proper motion constraint (µ/∆µmin = 0). With these constraints we set the angular separation limit to ∆θmax = 200 and run our search algorithm, finding 43,463 pairs in the data sample and 76,206 pairs in the random alignments sample. The µ/∆µ versus ∆θ phase space for this search is shown in the top row of Figure 14 .
We now add the photometric distance consistency constraint ∆d phot 1σ, meaning we only keep the pairs whose stars have photometric distances consistent within their errorbars. Since distance estimates are available for all of these pairs, we can also calculate photometric physical separations using Equation 10. Given the uncertainties associated with this estimate, we choose the rather stringent criterion s phot 0.1 pc. Table 6 . List of our wide binary candidates in the Subsample 4 -Branch B ("PM+photometric distance"). Analogous to Table 2, for the subsample of stars with only proper motions and photometric distance estimates (neither parallaxes nor RVs nor metallicities required). For this search, in addition to proper motions, we have used photometric distances and photometric projected physical separations as a criteria, and we report them in the 7th and 9th columns, respectively. The 3 pairs found in §8.2 that were also found in Subsample 4 -Branch A (pairs N o 2, N o 5, and N o 8 of The 2nd row of Figure 14 shows the pairs left after applying these criteria. We maintain the common proper motion consistency criterion, µ/∆µmin = 5, and discard all pairs located in the shaded region in the 3rd row of Figure  14 .
At this point we are left with 19 pairs in the data sample and 12 pairs its random alignments counterpart. The distribution of points is similar for both samples, with most of the pairs being located in the regime 10 ∆θ 50 . Fewer points are found for wider angular separations as a consequence of the stringent projected physical separation criterion.
As in previous subsamples, the 3rd row of Figure 14 shows a number of data sample pairs with high µ/∆µ values ( 20) that have no counterpart in the random alignments sample. These pairs constitute promising candidates, and we add an angular dependence to the common proper motion criterion to better select them: µ/∆µmin = y(∆θ). The result of this is shown in the 4th row of Figure 14 .
With this, we are left with 6 pairs in the data sample and 1 pair in its random alignments counterpart. These pairs constitute the final search of the Subsample 4 -Branch B. We note, however, that 3 out of these 6 candidates were already found in the Subsample 4 -Branch A (one of them is KIC 8909853/KIC 8909876, with undefined µ/∆µ and therefore not shown in the 4th row of Figure 14) .
We only report the 3 new pairs in Table 6 . These are the three widest angular separation pairs plotted in the 4th row of Figure 14 . Similarly as in the previous branch, we do not assign qualitative flags to these pairs. A summarized version of the selection criteria used in this subsample can be found in Table 1 .
WIDE BINARY CANDIDATES LIST
Up to this point, by combining the candidates pairs obtained in all the different subsamples, we have compiled with a list of 55 wide binary candidates. From this list, we have classified 22 of them with the qualitative flag "a", and 20 of them with the flag "b". 13 pairs were not assigned a qualitative flag because they were selected on the basis of proper motions alone, but nonetheless, they seem to be promising candidates as well.
Given that for each subsample we have employed different criteria in the selection process of our candidates, we report them in separate tables (see Tables 2 to 6 ). A summarized version of the selection criteria used in all the subsamples can be found in Table 1 .
In the following sections we compare our candidates with other studies that have reported wide binaries in the Kepler field, validate our candidates using Gaia DR2, and look for age and rotation period information for the stars in our candidate list.
COMPARISON WITH OTHER WORKS
Two other studies that have looked for wide binary candidates in the Kepler field have been published (Deacon et al. 2016; Janes 2017 ). Here we compare our work with theirs and remark the differences in the binary candidates selection processes. Both works also use their candidates to study agerotation relations, but we compare this part of their work with ours in §12.
To investigate the differences, we examine their pairs in the light of our data. In other words, for identification we use the KIC IDs of their candidates, look for them in our base catalog, and assign them our proper motion, parallax, and RV data. Deacon et al. (2016) studied the effects of wide binarity on the planet occurrence rate using the stars observed by Kepler and Pan-STARRS 1. They constructed their own proper motion catalog by combining archival data from public surveys, as well as UKIRT and Pan-STARRS 1, and found good overall agreement with the UCAC4 proper motions.
Comparison with Deacon et al. (2016)
They looked for likely binary companions around Kepler stars, with potential companions being either another Kepler star, or a Pan-STARRS 1 star. Using the Pan-STARRS 1 photometry they fitted spectral energy distributions (SEDs), and derived absolute magnitudes, masses, and distances. Their selection method is based on the calculation of a probability of a given pair being real rather than a chance alignment, which depends on the comparison of masses, distances, and proper motions of the two potential components, as well as their angular separation. Additionally, they only work with stars that satisfy µ/σµ 5 (in their data), and look for companions in the 6 ∆θ 300 regime.
A caveat of their SED fitting is that it assumes the stars are dwarfs, which propagates to potentially matching unrelated stars. Although they tried to exclude giants by means of color cuts, they warn that giant contamination may still be present. This is an important difference with our work, as we have not excluded pairs containing evolved components. We have only introduce a similar bias in the Subsample 4 -Branch B, where photometric distances were used.
Out of the 401 pairs reported, 128 of them are KeplerKepler and 273 of them are Kepler-Pan-STARRS 1. In our work, however, the candidate pairs are only formed by stars observed by Kepler. By matching the KIC IDs, we found that 102 out of their 128 Kepler-Kepler pairs could, in principle, exist in our catalog (the rest are absent because they are missing in UCAC4; see §2.1.4). After removing the pairs that are located within the exclusion areas of the clusters, or that have stars that do not satisfy the µ/σµ 3 criterion (in our data), there are 50 pairs left. The 52 discarded pairs will naturally be absent in our candidate list, mainly because they do not pass our proper motion quality cut.
The list of the remaining 50 pairs was then crossmatched with our final candidate list. We found 13 pairs in common with Deacon et al. (2016) , while 37 of their pairs are not in common with our candidate list (and 42 of ours are missing in their list). We show the position of these 37 pairs in the µ/∆µ versus ∆θ diagram in the top panel of Figure 15 .
Out of the 37 not in common pairs, 16 of them have µ/∆µ < 3, and therefore are naturally absent in our candidate list. According to our data, these pairs do not have similar-enough proper motion to be accepted by our search algorithm.
Of the 21 remaining pairs, none of them had parallax measurements for both component stars, excluding them from been potentially found in the Subsamples 1 or 2. 3 of the 21 pairs do have RV measurements for both component stars, meaning they could potentially have been found in the Subsample 3.
Further investigation of these 3 pairs revealed that 2 of them (KIC 8474682/KIC 8474690 and KIC 8316361/KIC 8316388) were rejected for having too large σRV values (> 15 km s −1 ), and one of them (KIC 9050137/KIC 9050190) was rejected for having [Fe/H] values only consistent within 4σ. We note that these 3 not in common pairs do have fast and somewhat similar proper motions, but only one of them (KIC 8474682/KIC 8474690) would have been recovered in our search in the Subsamples 4-A (therefore, shown above the solid line in Figure 15 ).
For the 18 (= 21 − 3) remaining pairs, while they could have been recovered in our searches in the Subsamples 4-A and/or 4-B, all of them lie below the derived µ/∆µmin lines (one exception, KIC 10557342/KIC 10622511, is located in between the solid and dashed lines, however this pair is rejected for not having a ∆d phot 1σ consistency). This explains why these not in common pairs are missing in our candidates, as they are located in the contaminationdominated region.
Comparison with Janes (2017)
Janes (2017) pler field, derived rotation periods for them, and used them to explore existing age calibrations. They calculated their own proper motions by combining the values from a number of existing catalogs (e.g., UCAC4, the Deacon et al. 2016 values, etc) . Their selection method is based on a probability of finding an unrelated star near each target star, which depends on the density of stars with similar positions and proper motions. Additionally, they also impose constraints on the maximum proper motion difference between the stars in pairs, only work with stars that satisfy µ/σµ 5 (in their data), and look for companions in the 6 ∆θ 600 regime. Additionally, they discard the pairs that do not follow the correlation seen in the g versus (g−K) diagram (see their Figure 1 ), expected for MS-MS pairs, therefore excluding pairs with evolved components. This is not our case, as we have not restricted ourselves to look only for MS-MS pairs.
While they do estimate the presence of random alignments in their candidates by a procedure (in principle) similar to ours, the implications of the random alignments samples not following the same angular separation distribution as the data (see §4.2.1) are not considered, and their distri-bution in a common-proper-motion phase space is not compared with their candidates.
To compare our results with those of Janes (2017), we follow the same procedure of §10.1. By matching the KIC IDs, we found that 70 of the 93 pairs could exist in our catalog, but only 59 of them had ∆θ < 500 (our maximum search radius), were located outside the clusters exclusion area, and had µ/σµ 3 (in our data).
When crossmatching these 59 pairs of Janes (2017) with our candidate list, we found 21 pairs in common, while 38 of their pairs are not in common with our list (and 34 of ours are missing in their list). The bottom panel of Figure  15 shows the positions of these 38 pairs in the µ/∆ versus ∆θ diagram. 32 of these 38 not in common pairs pass the µ/∆µ 3 criterion, and require further examination.
One of them, KIC 11873181/KIC 11923356, could potentially have been found in the Subsample 1. While the stars have fast (∼ 50 mas yr −1 ) and similar (µ/∆µ 8) proper motions, the pair is wide (∆θ 485 ) and the parallax and RV values are not consistent ( 1 = 5.70 ± 0.27 and 2 = 9.71 ± 0.29 mas; RV1 = −57.3 ± 17.5 and RV2 = −27.7 ± 1.7 km s −1 ), justifying its rejection. Two of them, KIC 11229052/KIC 11229131 and KIC 12218888/KIC 12317678, have parallaxes consistent within 3σ and could have been found in the Subsample 2, but fall below the derived µ/∆µmin criterion. Three other pairs could have been found in the Subsample 3, but they all have a component with σRV >15 km s −1 , making them too uncertain to be included in our search.
For the 26 (=32-6) remaining pairs, their µ/∆µ values place them below the µ/∆µmin lines defined in the Subsamples 4-A and 4-B, meaning they are located in the contamination-dominated region. The one exception (KIC 10557342/KIC 10622511, located between the solid and dashed lines), is in common with Deacon et al. (2016) and was already discussed in §10.1.
Overall Comparison
Compared with the works of Deacon et al. (2016) and Janes (2017) , our work is more complete in terms of discussing the underlying selection effects of the stars observed by Kepler (see §2.3.3), in assessing the behavior of the chance alignments in phase space (see §5 to §8), and in justifying the selection criteria we have used.
It is important to clarify that we are not classifying the Deacon et al. (2016) and Janes (2017) pairs not recovered by us as chance alignments. Instead, we argue that, based on our contamination analysis, and according to our base catalog data, these pairs occupy a region of phase space largely dominated by chance alignments. With more precise proper motion (and parallax and RV) measurements they could be confirmed as binary candidates, but the quality of the present data does not allow us to claim that.
We also note that some of the missing pairs of the Deacon et al. (2016) and Janes (2017) candidate lists have fast (∼ 40-60 mas yr −1 ) and similar (µ/∆µ 5-15) proper motions. While these pairs lie below our µ/∆µmin criteria derived in the different subsamples, perhaps, had we included a higher µmin criterion (particularly in the Subsample 4-A), a lower µ/∆µmin criteria may have been required to discard most of the random alignments pairs, leading us to potentially include these pairs in our list. We leave this further refinement (and extra dimension) of our searches as future work.
Finally, to the best of our knowledge, and not exclusively to searches in the Kepler field, our work is the first to actually use RVs (and metallicities) as a selection criterion rather than just as a confirmation of potential wide binary candidates.
VALIDATION WITH Gaia DR2
The recently released Gaia DR2 (Gaia Collaboration et al. 2018) offers the possibility of validating our wide binary candidates in the light of improved astrometric information. Additionally, Gaia DR2 reports RV measurements for bright stars (G < 13), which can also be used for validation purposes.
Using VizieR, we have crossmatched our list of pairs with Gaia DR2. Figure 16 shows the result of this crossmatch in parallax (top) and RV (bottom) space, for both our candidates (left column, blue) and their corresponding random alignments sample (right column, red). In this case, the random alignments sample is simply the sum of all the random alignments counterparts of the individual subsamples. We note that not all the pairs that have parallaxes have RVs measurements, as the availability of the latter in Gaia DR2 depends on the brightness of the targets.
The top panel Figure 16 shows that the components of most of our candidates with 2 mas have nearly identical parallaxes. For 2 mas, while some pairs tend to follow the 1:1 line, there is clear scatter around it and the components of some pairs certainly have different parallaxes, revealing the presence of chance alignments in this regime. For the random alignments sample, it can be seen that they do not follow the 1:1 line, and are mostly concentrated at small parallaxes ( ∼ 1-2). Similar results are shown in the bottom panel of Figure 16 , where most of our candidates follow the RV 1:1 line (with only a few outliers), while the random alignments pairs do not.
All of these confirms the reliability of our candidate selection method, as both data and random alignments sample behave as expected. Furthermore, this independently validates the promising status of our candidates, and we highlight that for 2 we expect little contamination in our sample. For 2 we expect a higher contamination rate, which is consistent with our results from §6.1.
Additionally, we investigated the pair KIC 8909853/KIC 8909876 in the Gaia DR2 data. This pair was found in the Subsample 4 -Branch A, with both stars having the exact same proper motion in UCAC4 (therefore µ/∆µ is undefined). While we considered the possibility of this being an artifact in UCAC4 (e.g., the same UCAC source matched to two different KIC sources) given the small angular separation of the pair (∆θ < 20 ), according to Gaia DR2 these are actually two different stars. Moreover, both stars have similar parallaxes ( ∼ 10 mas) and proper motions (µ ∼ 250 mas yr −1 ), which confirms it as a promising candidate.
We have also used the Gaia DR2 data to further explore our comparison with the works of Deacon et al. (2016) and Janes (2017) . The results of crossmatching their candidate lists with Gaia DR2 are shown in Figure 17 . Similarly as in Figure 16 , the parallax and RV information are shown in the top and bottom panels, respectively. For this comparison we have separated their candidate lists in all of their pairs (first and third columns; black points), and those that could exist in our candidate list (second and fourth columns). This latter category consists of those pairs that satisfy µ/σµ 3 (in our data) and ∆θ 500 (see §10), and we separate it in those that are in common or not in common with us (green or purple points, respectively). The not in common subsets are the same pairs previously shown in Figure 15 . Regarding the parallax comparison, the first and third columns of Figure 17 (all pairs) show that both Deacon et al. (2016) and Janes (2017) have, to first order, candidates with components of similar parallaxes. Nonetheless, both works show scatter around the 1:1 line for 5 mas, and this is more pronounced in the Deacon et al. (2016) sample for 2 mas. In the RV comparison both works tend to follow the 1:1 line too, although they have some pairs located far from it.
The second and fourth columns of Figure 17 show that practically the entire in common subsets (green points) simultaneously follow the 1:1 in both parallax and RV. For the not in common subsets (purple points), however, we notice a different behavior. Virtually all the pairs that do not follow the parallax 1:1 line belong to the not in common subsets, which confirms that our selection method is properly rejecting pairs that do not seem to be consistent. The RV comparison strengthens this point, as many of the rejected pairs lie far from the 1:1 line (particularly in the Janes (2017) sample).
Nonetheless, we note that there are not in common pairs that do lie along the parallax 1:1 line that our method is rejecting. We remind the reader that these pairs have been analyzed using our base catalog data, and that we do not classify them as chance alignments but we rather argue that we cannot reliably distinguish them from chance alignments (see §10.3).
Altogether the crossmatch of our candidate pairs with Gaia DR2 has given us a confirmation that our search method is selecting promising candidates, particularly for stars with 2 mas. Moreover, when comparing previous works with Gaia DR2, we seem to be recovering many of their promising candidates, and rejecting many pairs that lie off the parallax and/or RV 1:1 line. We note that the The first and third columns show all of their pairs that we have found in Gaia DR2 (black points). In the second and fourth columns we have separated their pairs in those in common/not in common with us (green/purple points, respectively). For the not in common subset, we are only including those pairs that satisfy our proper motion quality cut (see §10). Only pairs with Gaia DR2 parallaxes or RVs for both components stars are shown. The black solid line in all panels shows the 1:1 relation. Errorbars are shown for all points, but they can be smaller than the markers.
Gaia DR2 data has only been used for validation purposes and was not employed in our candidate selection.
AGE-ROTATION RESULTS
Data Compilation
In order to study our pairs in the context of age-rotation relations, we have looked for information of our stars in existing catalogs of rotation period and asteroseismic ages for stars observed by Kepler. For rotation periods we have crossmatched our base catalog with those of García et al. (2014 ), McQuillan, Mazeh & Aigrain (2014 , Janes (2017), Reinhold, Reiners & Basri (2013) , and Nielsen et al. (2013) . From the catalog of Janes (2017) we have excluded the stars with autocorrelation functions classified as "indeterminate" or "complex". For cases where a star was found in more than one catalog, we have adopted the rotation period coming from the earliest cited work (e.g., if a star was found in both García et al. (2014) and Janes (2017) , we have adopted the García et al. (2014) rotation period). The adopted prioritization reflects the robustness of the method used.
For ages we have crossmatched our base catalog with those of Metcalfe et al. (2014) , Serenelli et al. (2017) , and Chaplin et al. (2014) (we also crossmatched our candidate list with that of Wu et al. (2018) but did not find any matches). Again, for cases where a star was found in more than one catalog, we have adopted the age coming from the earliest cited work.
Additionally, 16 Cygni (KIC 12069424/KIC 12069449), a well known wide binary in the Kepler field that we have recovered in Subsample 2, has been the subject of dedicated asteroseismic studies Metcalfe, Creevey & Davies 2015) . This pair has age and rotation period estimates available, and we have included them in our crossmatch.
Since the literature on age-rotation relations uses the (B − V ) color as a proxy for mass, we needed to compile B and V magnitudes for our candidates. One source of this was already in our base catalog, as UCAC4 includes photometry from APASS (Henden & Munari 2014) . Additionally, we compiled B and V magnitudes from the MAST data archive 3 , which come from the survey of Everett, Howell & Kinemuchi (2012) . Following §2.3.4 we corrected the B and V magnitudes by extinction and calculated (B − V ) colors. A comparison between the APASS and Everett, Howell & Kinemuchi (2012) photometry showed a relatively good agreement (standard deviation of σ 0.1 mag). For pairs with photometry from both catalogs, we prioritized the APASS values, as they are more widely available for our candidates.
After crossmatching our list of 55 candidates with the aforementioned catalogs, we are left with 19 pairs with rotation periods and (B − V ) color for both stars. In order to provide the most meaningful constraints on age-rotation relations, we focus on the subset of pairs that are validated by Gaia DR2. 15 of these 19 pairs have Gaia DR2 parallaxes (and radial velocities, when available) consistent within 3σ, and we use them in the subsequent analysis. Of the remaining 4 pairs, 2 of them were not found in Gaia DR2, and 2 other pairs have parallaxes inconsistent within 3σ. Additionally, only 6 stars were found to have age estimates (all of them belong to validated pairs). We show the results of this crossmatch in Table 7. 12.2 Binary Candidates and Age-Rotation Relations Figure 18 shows the 15 pairs validated by Gaia DR2 for which rotation period and (B − V ) color are available for both component stars (filled circles). Since the 2 pairs not found in Gaia DR2 seem to be promising candidates according to UCAC4, they are also included in the figure (open circles; these pairs are KIC 4043389/KIC 4142913 and KIC 4946401/KIC 4946433). Following the layout of Figure 11 of Janes (2017) , the star with the bluer/redder color in the pair is plotted as a blue/red circle. The Sun is shown as the orange circle at (B − V ) = 0.656 (Gray 1992 ; but see also Ramírez et al. 2012) . We follow Janes (2017) and references therein and plot it at a period of 25.38 days (age of 4.57 Gyr). For reference, the dotted lines show the age-rotation relation derived by Angus et al. (2015) , evaluated at ages of 0.5 Gyr, 2 Gyr, and 4.57 Gyr. The components of pairs are connected by lines. If both components are classified as dwarfs (log g 4) the connecting line is solid, and it is dashed if otherwise. We have made this distinction as stars that have evolved off the MS are not expected to follow the same age-rotation relations (García et al. 2014; Angus et al. 2015) . Further investigation of the 3 pairs with evolved component(s) of Figure 18 revealed that for only one of them (the pair in which both stars have a period < 10 day) the log g value of an evolved star is precisely measured from asteroseismic studies. For the other two pairs, their log g values come from the KIC and Huber et al. (2014) , meaning they only come from photometric studies and making their classification not as reliable.
The location of most of our candidates in Figure 18 is at odds with expectations from age-rotation relations for coeval stars. We think of the component stars of a binary as being coeval, and would therefore expect them to lie along the same period-color line, with the redder star having a longer period. The connecting lines of our pairs, however, show a wide variety of slopes.
Furthermore, if we only focus on the pairs confirmed by Gaia DR2 in Figure 18 , in many cases the blue star in a pair has a longer rotation period than its redder, lower mass companion (5 out of 15 cases). When only considering dwarf/dwarf pairs, we find that in 7 out of 12 cases the redder component has a longer period than its bluer companion.
Although not shown, we have re-plotted Figure 18 but only keeping the highest-quality pairs from our sample (i.e., those classified with flag="a'). This exercise, however, did not preferentially select pairs that have slopes mostly aligned with the expectations, meaning that the situation depicted In each pair the star with the bluer/redder color is shown as a blue/red circle. The components of the pairs are connected by a solid line if they are both classified as dwarfs (log g 4), or by a dashed line if otherwise (see text). For reference we show the Sun as the orange circle, and the age-rotation relation of Angus et al. (2015) as dotted lines, evaluated at ages of 0.5 Gyr, 2 Gyr, and 4.57 Gyr.
in Figure 18 remains even when only considering the higher confidence pairs.
Somewhat similar results, nonetheless, were previously obtained by Janes (2017) . Although their period-color plot is more populated than ours (see their Figure 11 ), and most of their pairs have the redder star with a longer period than the bluer star, they do obtain a wide variety of slopes as well. This result was also seen when they only considered pairs of stars with similar colors (see their Figure 14) , where the rotation periods were expected to be nearly identical. One of their conclusions is that their binary candidates do not follow a simple period-color relation.
To first order, no simple period-color relation is shown by our binary candidates either. We do not venture to further speculate on the implications of our result, as we are limited by a small sample size, and leave a more thorough discussion of this as future work. Deacon et al. (2016) also relate their binary candidates with gyrochronology studies, but their approach is different. They use the Mamajek & Hillenbrand (2008) relations to derive gyro-ages for their stars with measured periods, and then use the similarities and discrepancies of these ages to validate their contamination rate. This, however, starts from the presumption that available age-rotation relations work well for the components of wide binaries.
If one assumes that current age-rotation relations must work for the components of wide binaries, then we need to discuss a number of factors that could be influencing our results of Figure 18 . Although we have tried to minimize the presence of chance alignments in our sample, contami- Table 7 . Crossmatch of our wide binary candidates with catalogs of BV photometry, rotation periods, and asteroseismic ages. In the first block we report the 15 pairs validated by Gaia DR2 for which period and color information is available for both stars. Additionally, in the second block we report the 2 pairs not found in Gaia DR2 that seem to be promising according to UCAC4. The source catalog of the data reported is indicated in the corresponding column, with the values meaning: for color source=1 for Henden & Munari (2014) , 2 for Everett, Howell & Kinemuchi (2012) ; for rotation periods source=1 for García et al. (2014) , 2 for McQuillan, Mazeh & Aigrain (2014) , 3 for Janes (2017), 4 for Reinhold, Reiners & Basri (2013) , 5 for Nielsen et al. (2013) , 6 for Davies et al. (2015) ; for asteroseismic ages source=1 for Metcalfe et al. (2014) , 2 for Serenelli et al. (2017) , 3 for Chaplin et al. (2014) , 4 for Metcalfe et al. (2012) . The (B − V ) color reported has been corrected by extinction (see §12.1). For cases where the asteroseismic catalogs report systematic and statistical age uncertainties separately, they have been added in quadrature. we have added the systematic and formal uncertainties in quadrature). While not strictly consistent within the errorbars, the ages of these stars are certainly similar. Chaplin et al. (2014) and Serenelli et al. (2017) have also derived ages for these two stars and obtained values consistent with each other given the uncertainties, but we prioritize the ages reported by Metcalfe et al. (2014) as they have fitted individual oscillation frequencies. We note that this pair has already been identified as a binary star in the literature (García et al. 2014 ). Therefore, the fact that the asteroseismic ages derived by Metcalfe et al. (2014) are similar but not strictly consistent, could be an indication of underestimated errorbars. We highlight the potential of using stars in wide binaries as tests of consistency in asteroseismic studies.
For two other pairs, we have an age estimate for one component star, and a rotation period for its companion. For KIC 12366681, Serenelli et al. (2017) reports an age of 2.1 +0.9 −0.6 Gyr (systematic and statistical uncertainties added in quadrature). Its companion, KIC 12366719, has a period of 2.9 day. Their log g values classify both of them as evolved stars, although for KIC 12366719 this is only based on photometry (for KIC 12366681 it is based on asteroseismology).
For KIC 6225718, Chaplin et al. (2014) reports an age of 2.6 +0.9 −0.8 Gyr. Its companion, KIC 6225816, has a period of 2.2 day. Their log g values, both coming from asteroseismology, classify them as a dwarf/dwarf pair.
These two pairs are cases where, according to the expectations, and using the idea of Chanamé & Ramírez (2012) , we can assign the age of one star to the entire system and use them to obtain new gyrochronology constraints. We leave this task as future work, but encourage the community to consider these pairs in future age-rotation studies.
CONCLUSIONS
We have compiled a catalog of 55 wide binary candidates formed by stars observed by Kepler. We assembled our base catalog by compiling positions and proper motions (UCAC4) for the ∼ 200,000 stars observed by Kepler, and supplement it with parallaxes (TGAS), and RVs and metallicities (lamost).
We then mined our base catalog for binary candidates by means of matching the stars' positions, proper motions, parallaxes, RVs, and metallicities, depending on the availability of the data. In order to select promising candidates, we have characterized the behavior of random alignments in phase space using the empirical procedure of Lépine & Bongiorno (2007) .
To the best of our knowledge, this is the first work to have used (at least partially) RVs and metallicities as a search criteria in a binary search, rather than just using them for confirmation purposes.
Given the selection function of the targets observed by Kepler, as well as its pixel size, our base catalog is incomplete as a function of angular separation for ∆θ 20 . We are therefore biased against the detection of close separation pairs, precisely the regime where most of the binaries would be expected to appear. A similar effect, though more severe, can be expected from the Transiting Exoplanet Survey Satellite mission (TESS; Ricker 2014) Because of the presence of a variety of selection effects in the base catalog, we did not attempt any degree of completeness in our search for wide binaries. Instead, and based on our random alignments analysis, we have selected the pairs more likely to be real, gravitationally bound wide binaries, to the limits of the available data.
As an independent validation of our binary candidates, we have crossmatched our pairs with the recently released Gaia DR2. This exercise has confirmed the reliability of our search method, as well as reinforced our claim that little contamination is expected for pairs with 2 mas. When crossmatching our list of pairs with catalogs of rotation periods, we observed that our candidates do not follow a simple period-color relation. Additionally, only a small number of our candidates have asteroseismic age estimates. Two of them are the components of the well known binary 16 Cygni, for which asteroseismic studies derive the same age. For the other pair with ages for both component stars, although not strictly consistent, they have similar estimates. For two other pairs, an age estimate is available for one component while its companion has a measured period, making them cases that can be used to obtain new gyrochronology constraints.
Our search method is adaptable to current and future data releases of astrometric (e.g., Gaia DR2 and DR3) and spectroscopic (e.g., lamost DR4) surveys. Including these higher quality data will allow not only to verify the nature of existing candidates, but also to perform a more thorough, multi-dimensional search using stars that, until very recently, only had proper motion measurements available.
We nonetheless strengthen that proper motions (and parallaxes, when available) remain as the fundamental basis of our searches. As an example of a potential improvement, we have performed a quick crossmatch of our base catalog with the recently released Gaia DR2 catalog (Gaia Collaboration et al. 2018) . While ≈ 27% of the stars in our base catalog have µ/σµ 3, this fraction could potentially rise to near 100% for both µ/σµ and /σ , increasing the number of possible pairs by over an order of magnitude. We leave this exercise, as well as others including forthcoming Gaia and lamost data releases, as future work.
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